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ABSTRACT
Over the last few decades, a lot of progress has been made in understanding different aspects of the
brain’s ability to form abstract representations, but a specific mechanism for how they are created and
used remains to emerge. Here, we review recent findings on the subject and we propose a mechanism
for the dynamics of forming abstract representations, where the formation of local connectivity in
neural networks of abstract representations are the transcription of individual details.
Keywords Representations · Dendritic Spines · Voltage Gated Calcium Channels · Back-propagated Action Potential ·
Synaptic Plasticity
1 Computational Units of Representation Formation
The ability to create abstract representations to carry over learnings across different contexts is one of the most critical
abilities for intelligent behavior [1, 2]. Many terms have been used to describe this ability, such as abstractions,
categorizations, and representations. We will use the term representation to describe this ability. Many studies over the
years have found that the prefrontal cortex (PFC) and the hippocampus are the regions involved in the formation of
representations [3, 4, 5, 6, 7, 8, 9, 10]. More importantly, Genovesio et. al [9] and Cromer et. al [11] have identified
that specific representations correspond to different regions in the PFC and Bernardi et al. [12] have found that
representations can have a defined structure rather then being completely arbitrary, which we believe implies that each
representation corresponds to a specific neural network in the PFC. The PFC, while believed to be responsible for
working memory [13, 14, 15, 16], works in conjunction with the hippocampus for information retrieval [17, 18, 12],
which may explain why the hippocampus has been found to play a role in the formation of representations. Though both
regions serve distinct purposes, both are comprised of pyramidal neurons, which are thought to be used for processes
that result in complex behavior, such as synaptic integration and plasticity [19, 20, 21, 22, 23]. Though the pyramidal
neurons of both regions are different, one universal trait of all types of these cells is a common structural property: each
pyramidal neurons contains thousands of dendritic spines (spines) [20]. Spines, while small in structure, are known to
receive excitatory input and have been hypothesized to play a role in learning and memory storage and have intrigued
generations of neuroscients dating back to Santiago Ramón y Cajal [24, 25]. We believe that the pyramidal neurons are
the computational units that form representations and that the mechanism for which representations are formed involves
the dynamics of their spines.
2 Back-propagated Action Potential and Representation Formation
One of the structural properties of spines that has led to existing theories of their functionality is their ability to
store Ca2+ locally and the existence of voltage gated calcium channels (VGCC) within them [26, 27, 28], which is
believed to give them electrical properties rather then being passive storage site for Ca2+[29, 30, 31, 27, 32]. The
specifics of how Ca2+ enters and is released is believed to be a facilitator of the creation of local connectivity between
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individual synapses [33, 34, 35, 36, 26, 37, 38, 27, 39, 28]. Rubin et. al. [40] have found that VGCCs are activated by
back-propagated action potential (bAP). We believe that bAP is the means for features or components to be inscribed
into the representation by creating local connections in the networks of representations.
3 Level of Detail
Not all representations are equal in terms of information contained in them. For example, if two different individuals,
one a seasoned bird watcher and the other a casual observer with no knowledge of the species, both observe the same
bird, the observation would be represented as a specific member of a its taxonomy to the bird watcher, while it would be
represented as being a generic bird to the other observer. A key question that we hope to answer is how the differences
in the amount detail are encapsulated in different representations and we believe that the structural properties of spines
are the explanation. An interesting property of spines is their idiosyncratic nature [35, 41, 42, 37]. Spines have been
found to be able to store different amounts Ca2+ then their neighboring spines [43, 44, 45, 39, 32]. The amount of Ca2+
that is stored in a spine varies with the number of VGCCs in the spine [46, 47, 48]. Additionally, when a spine receives
excitatory input, its neighboring spines are not effected [30]. This property has led to speculation that individual spines
are capable of implementing different learning rules and we believe that it can explain the variation in the amount of
detail that are encoded in representations. Earlier we mentioned that VGCCs are activated by bAP and that individual
spines have different number of VGCCs contained inside of them. Additionally, the properties of channel densities have
been found to correlate with the number and frequency of bAP [49, 48]. We believe that there is a variation in bAP due
to the structural differences in spines - specifically the number of VGCCs contained inside of them. We propose that the
greater the number of the VGCCs that a spine contains corresponds to a variation in bAP, leading to a different amount
of local connectivity, which corresponds to the amount of detail that is transcribed into networks of representations.
4 A Window into Representation Detail and bAP
Though our proposal has been largely theoretical thus far, we hope to provide validation by presenting empirical
evidence about psychiatric disorders and making assumptions. The choice to use psychiatric disorders as a means
to advancing our general understanding of the brain is not new. Eric Kandel argues that "[b]rain disorders provide a
window into the typical healthy brain" [50]. There are two disorders in particular, autism (AS) and schizophrenia (SZ),
that our of interest to us because there has been a lot of empirical evidence of structural abnormalities dendritic spines
in the PFC and in the hippocampus in individuals with these disorders [51, 52, 53, 54, 55, 56, 57, 58, 59, 60, 61, 62].
Along with the structural abnormalities in the spines in the PFC and in the hippocampus, individuals with these disorders
have been found to have abnormal connectivity in these regions[58, 53, 59, 63]. By our assumptions, the structural
differences would translate into abnormalities in the formation of representations and what’s most interesting about
these disorders, however, is the fact neither of them are classified by anatomical deformities. Rather both are classified
behavioral abnormalities. The behavioral abnormalities of both behaviors seem consistent with the idea that AS [64] and
SZ [65] have trouble with categorical abilities and many have even hypothesized that the behavioral abnormalities of
these disorders are the result of difficulty in categorical abilities [66, 67, 68, 69, 70, 71, 72, 73]. While there is empirical
evidence of the structural deformities in these disorders and there is empirical evidence of the behavioral abnormalities,
in order for our theory to have merit, we must be able to show that functioning with abnormal levels of detail in
representation leads to difficulties in cognitive functioning that produce the behavioral abnormalities that definite these
disorders. And in order to accomplish this, we must first establish a consistent metric to measure behavior. While
anatomy can be measured by size or mass, behavior is far too arbitrary to be able to reduce to a simple and consistent
quantity. One of the only known ways that has been extensively studied by behavioral psychologists [74, 75, 76] is
using emotional intelligence (EQ) as the metric. Both AS [77, 78, 79] and SZ [80, 81, 82, 83] have been consistently
found to have lower values of EQ.
4.1 Demonstration
To examine how cognitive abilities change when different levels of detail are used for abstract representations, we
trained a batch of different CNNs on the Cohn-Kanade dataset [84, 85], a series of images that shows different faces of
individuals with different facial expressions, which correspond to different emotions and we aimed to test measure their
performance with EQ. Each CNN was trained on the same data-set, but with one modification. we added a bit of blur
with a Gaussian filter, with each model being trained with a different level of blur. Our rational for this was to remove
precision in an incremental manner. And each CNN was then tested on the same test set without any Gaussian blur.
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4.1.1 Results
The results for the experiment are as follows:
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The above shows the results of the same CNN architecture trained on the Cohn-Kanade with different levels of Gaussian
blur (σ) applied. The results are consistent with findings from behavioral psychologists.
4.2 Interpretation
Although it may seem like a big leap to conclude that the results of the simulation imply that behavioral abnormalities of
AS and SZ are the result of cognitive deficiencies that arise from overly precise or overly vague representations, given
the earlier stated findings of atypical structure in the anatomical regions responsible for categorical abilities combined
with the known behavioral abnormalities that define these disorders, we believe that it is a fair assumption.
5 Conclusions and Open Questions
As discussed, specific anatomical regions in the PFC and in the hippocampus have been found to correspond to specific
representations and dendritic spines, which are found on the neurons of those regions, have been found to play a role in
learning and in memory through bAP due to their Ca2+ compartmentalization. If our assumption is correct and the
behavioral abnormalities of AS and SZ are the result, in part, of dysmorphic representations, then that would imply
that bAP of individual spines is the mechanism for transcribing features into abstract representations, that the amount
of local connectivity in representation networks can be used as a metric to measure the amount of detail in individual
features, and that the level of precision of different features depends, in part, by the amount by Ca2+ that is available
in the spines. The key implication, however, would be that we would have major insight into the mechanism of how
sensory input is encoded into format that is practical for cognitive functioning.
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Figure 1: Same sample image from the Cohn-Kanade set used for each model. c©Jeffrey Cohn
Appendix
The code that was used to run the simulations can be found at www.github.com/prashantcraju/Kernel-Abstractions.
Note: the copyright holder of the Cohn-Kanade dataset, used for the second simulation, forbids redistribution of their set.
To respect their terms, I have not published it along with the released code. To run the code for the second simulation,
please obtain the data-set directly from the copyright holder by visiting www.consortium.ri.cmu.edu/ckagree.
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